Terveystieteiden This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
INTRODUCTION
People who live in the northern hemisphere are recurrently exposed to environmental cold while commuting, at work and during their leisure time [1] . Various cold-related symptoms are common in the general population [2] and are elicited by physiological reactions due to environmental cold exposure [3] . Our previous reports show that cardiovascular and respiratory symptoms are reported manifold during wintertime in persons with a cardiovascular or respiratory disease [4, 5] . Cold-related symptoms may predict the worsening of a chronic condition or be an indicator of an undiagnosed disease. At worst, symptoms may predict an increased risk of adverse health events and explain the globally detected higher wintertime morbidity and mortality [6, 7] .
In 2014, the global prevalence of diabetes mellitus among adults was estimated at 9% [8] . Furthermore, diabetes alone is estimated to account for 15% of deaths related to cardiovascular diseases [9] . Type 2 diabetes (T2D) accounts for around 90% of all cases of diabetes observed worldwide [10] . It often remains undetected, and screening detected cases may account for 30-60% of all cases of type 2 diabetes [11] . A considerable amount of people have prediabetes with a glycaemic state between normal and diabetic, and it is estimated that up to 70% of these may acquire the disease during their lifetime [12] . In Finland, the prevalence of persons with impaired glucose metabolism, which includes type 2 diabetes and pre-diabetic metabolic disturbances, such as impaired fasting glucose and impaired glucose tolerance, was as high as 42.0% in men and 33.4% in women in the aged group of 45-74 years [11] .
One may entertain that cold-related symptoms would be particularly common among people with pre-diabetic metabolic conditions or diabetes because the physiological responses to cold may aggravate the course of the underlying metabolic disturbance. A recent review indicates that diabetes is associated with reduced ability to maintain body temperature during thermal stress (heat, cold) [13] . Impaired functioning of the autonomic nervous system among those with prediabetes and diabetes [14, 15] may lead to increased vasoconstriction and elevated blood pressure and mismatch of myocardial oxygen demand and supply, thus eliciting cardiac symptoms. Decreased arterial compliance [16] , altered vasomotor control and blood flow to the extremities could result in either enhanced or blunted peripheral circulatory responses [17] [18] [19] and associated symptoms in the cold. In addition, peripheral neuropathy [20] can alter both sensory function and the ability to regulate heat loss in the extremities. Decreased insulin sensitivity associated with prediabetes and diabetes may blunt heat production through brown adipose tissue in the cold [21] . Depending on disease progression, the altered neural, metabolic and circulatory disturbances mentioned above may affect thermal, cardiovascular and respiratory responses in a cold environment and lead to various symptoms.
To our knowledge, no population-based information exists on the prevalence of cold-related cardiovascular or respiratory symptoms among persons having diabetes or impaired glucose metabolism. This information may prove useful for predicting and preventing cold-related health outcomes, but may also provide a tool for detecting individuals with impaired glucose metabolism. Our hypotheses were that (1) pre diabetes and/or diabetes are associated with increased reporting of cold-related symptoms and (2) the prevalence of symptoms increases with worsening of glycaemic status. To test these hypotheses, we compared the prevalence of cold-related symptoms among individuals stratified by glycaemic status in a large population-based representative sample in Finland.
METHODS
Finland is a subarctic country locating between 60 and 70° N Lat (Fig. S1) 
2.1.Study population
The material for the present research is derived from the National FINRISK Study which is a large Finnish population survey on risk factors on chronic, noncommunicable diseases which has been carried out for 40 years since 1972 every five years using independent, random and representative population samples from different parts of 
2.2.Data collection
Cold-related symptoms were inquired using the Oulu Cold and Health Questionnaire (OCHQ) assessing perceptions, symptoms, and behavior in the cold [4] .
The following questions were utilized in this study: Does cold (temperature less than +10 °C) or cold weather give you any of the following symptoms (yes/no): shortness of breath, prolonged cough or coughing bouts, wheezing or increased excretion of mucus from the lungs (termed here as respiratory symptoms), chest pain or cardiac arrhythmias (cardiac symptoms), or cold-related color changes in fingers in the cold (peripheral vascular symptoms).
Data on socioeconomic background factors, health behavior and health was collected by a questionnaire. Respondents who reported having been diagnosed with or treated by a doctor for elevated blood pressure, hypertension, angina pectoris or heart failure during the past 12 months or had suffered myocardial infarction, cerebral stroke, cerebral hemorrhage or cerebral vascular thrombosis at some time, or had undergone coronary bypass surgery or angioplasty, were classified as having cardiovascular disease (CVD). Questions and categorization of alcohol consumption and smoking is described in detail in previous studies [22, 23] .
Clinical measurement included assessment of blood pressure which was measured in a sitting position after five minute rest using a mercury sphygmomanometer. An average of three measurements was used in the analyses. Subjects whose blood pressure was equal or exceeded 140/90 mmHg or who reported having being diagnosed and treated with elevated blood pressure/hypertension, where considered as having arterial hypertension (HTN). Participant's height and weight were measured of which their body mass index (BMI) was calculated as kg/m 2 [22] .
2.3.Glycaemic status
Assessments of glycaemic status followed the recommendation of the WHO Expert Group for glucose assessments. After an overnight fast, blood samples were respondents having type I diabetes and those were excluded from our analyses.
Glycaemic status was classified according to the WHO 1999 criteria [10] . Thus, individuals without earlier diagnosis of type 2 diabetes but having fasting glucose ≥ 7.0 mmol/L or 2-hour plasma glucose ≥11.1 mmol/L were classified as having screening detected type 2 diabetes. Those with 2-hour plasma glucose ≥7.8 and < 11.1 mmol/L, and fasting plasma glucose < 7.0 mmol/L were classified as having impaired glucose tolerance. Impaired fasting glucose was defined as fasting plasma glucose ≥6.1 mmol/L but < 7.0 mmol/L, and 2 hour plasma glucose < 7.8 mmol/L. The subjects not reporting any of the latter conditions, and with normal test results, were categorized in the normal glucose metabolism group.
2.4.Statistical analyses
The prevalence of cold-related symptoms was first calculated for each glycaemic status group (type 2 diabetes, screening detected type 2 diabetes, impaired glucose tolerance, impaired fasting glucose, normal glucose metabolism), and crude ORs, together with their 95% confidence intervals, were obtained by logistic regression, using the normal glucose metabolism group as reference. The ORs were then adjusted for age, gender, BMI, education, smoking, use of alcohol, as well as having HTN or CVD.
Interactions of glycaemic status with HTN and CVD were also tested to assess whether the association of cold-related symptoms with glycaemic status differed in individuals with and without HTN and CVD. Linear trend tests were performed to examine whether the ORs in the fully adjusted model changed consistently depending on glycaemic status. Statistical analyses were performed by SAS version 9.2. for Windows (SAS Institute, Inc.; Cary, NC).
RESULTS
The characteristics of the subjects are presented in Tables 2 and 3 show the associations of individual cold-related cardiovascular and respiratory symptoms according to glycaemic status in form of prevalences and ORs, with the normal glucose group as reference. Overall 4-5% of the participants reported cold-related cardiac, 20% peripheral vascular (finger color changes) ( Table 2 ) and 9-20% respiratory symptoms (Table 3 ). The most common individual symptoms were dyspnoea, increased mucus production and color changes in fingers which were all reported by one fifth of the respondents.
The crude OR for having cardiac symptoms in the cold was over 2-3-fold in the type 2 diabetes group compared with that in the normal glucose metabolism group, and it was approximately 2-fold in the screening detected type 2 diabetes group (Table 2) .
For cold-related respiratory symptoms, the crude OR was approximately 1-3-fold in the type 2 diabetes compared with normal glucose metabolism group (Table 3) , and it also exceeded unity in the groups of screening detected type 2 diabetes and impaired glucose
tolerance. An adjustment for age and sex caused only minor changes in the ORs while some more changes were seen after adjusting for BMI. (Fig. 1 b) symptoms.
Out of individual symptoms, dyspnoea showed fully adjusted ORs higher than unity 
DISCUSSION
Our results show that people having diagnosed diabetes report more cold-related symptoms than those with normal glucose tolerance. Especially cold-related chest pain and dyspnoea were common symptoms among diabetic patients. In addition, already screening detected type II diabetes was associated with increased reporting of coldrelated chest pain, dyspnoea and cough. We also showed a consistent increase of many cold-related symptoms with worsening of glycaemic status. Hence, it appears that abnormal metabolic, neural and circulatory functions associated with pre-diabetes and diabetes may predispose to adverse cold-related effects.
The higher occurrence of cold-related cardiorespiratory symptoms is due to the physiological responses related to cold exposure. Cold exposure activates the autonomic nervous system by eliciting vasoconstriction and resulting in increased blood pressure [3] . Cardiac symptoms (chest pain, arrhythmias) may arise from myocardial ischaemia which is due to the increased myocardial oxygen demand with a simultaneous decrease in coronary blood flow which can occur with ageing and some cardiac diseases [24] .
Respiratory symptoms, on the other hand, are related to the single and combined effects of airway cooling and drying [25] and the subsequent functional changes in the airways, such as airway narrowing, irritation and increased secretion of mucus. These may manifest themselves as cold-related dyspnoea, coughing, wheezing of breath, as well as increased mucus secretion.
A recent review suggest that those with diabetes have an attenuated capacity to increase metabolic heat production and to decrease skin blood flow during cold stress which complicates the maintenance of stable body temperature [13] . Overall, the physiological responses in cold may be altered in persons with prediabetic metabolic conditions or diabetes due to various reasons. Firstly, the symptoms may arise from disturbed autonomic function, such as increased sympathetic [14] and reduced parasympathetic activity [15] among those with diabetes, and the consequent effects on cardiac and vascular responses. Sympathetic over-activity elevates blood pressure which is further increased by cold exposure [3] and has been shown to result in myocardial ischemia in the cold among diabetic rats [26] . Cold-related cardiac symptoms among persons with diabetes can also reflect cardiac autonomic dysfunction (reduced heart rate variability) which progress with the duration of the disease and may predispose to cardiac events [27] .
Cold-related cardiovascular symptoms among persons with prediabetes or diabetes may also arise from macrovascular complications. Patients with diabetes have decreased arterial compliance and stiffer arteries compared to healthy persons [16] and may therefore be more susceptible to cold. Stiffer arteries combined with ageing [28] can result in aggravated cold-related blood pressure responses and predispose to cardiovascular events.
Diabetic complications in the extremities, such as peripheral vascular disease, as well as peripheral neuropathy alter the ability to regulate heath loss in the extremities [20] . For instance, the vasoconstriction response towards local cooling is impaired in those with diabetes [18, 29] which could favor heat loss in a cold environment. On the other hand, tissue perfusion may be decreased in autonomic neuropathy [30] and cooling of the skin may further reduce blood flow to the extremities and their tissues in subjects with diabetes [19] , especially in those with cardiovascular autonomic neuropathy [17] . Despite of these suggested pathophysiological changes we did not observe any significant effect of pre-diabetes or diabetes on reporting of cold-related finger color changes. The reasons for the lack of this association remain unknown due to absence of individual clinical information.
The association between prediabetes or diabetes on cold-related respiratory symptoms is less clear. Increased symptom reporting of dyspnoea in the cold among persons with diabetes, and both dyspnoea and cough among persons with screening detected type 2 diabetes could reflect respiratory comorbidity. Also some medication used for respiratory diseases can affect glucose metabolism [31] . On the other hand, reports of dyspnoea may also have a cardiac origin.
In our analyses especially age, gender and BMI weakened the crude association of cold-related symptoms and glycaemic status, indicating confounding by these factors.
Our previous population studies have shown that ageing increases reporting of coldrelated symptoms [4, 5] probably due both to the age-related impairments in thermoregulation [32] , and including altered circulatory adjustment capacity [27, 33] , as well as increased prevalence of chronic diseases which also affect cold-related responses. In addition, women tend to report more symptoms than men, which can be related to increased susceptibility to cooling or reflect gender differences in symptoms reporting [34] . BMI was clearly associated with cold-related symptoms. The association between BMI and CVD probably explains much of the reported symptoms [35] .
However, a high BMI alone is related to reduced heat loss [3] but also to a blunted metabolic response in the cold through brown adipose tissue [36] which is considered to have antidiabetic characteristics [37] .
4.1.Cold-related symptoms and glycaemic status
We observed that reporting of cold-related dyspnea, chest pain and arrhythmia increased according to worsening of the glycaemic status. It is possible that this reflects the duration and severity of the disease. Prediabetes is associated with normal of slightly elevated blood glucose and gradually developing macrovascular complications, such as peripheral vascular disease, CVDs and stroke which are more clearly manifested in diabetes [12] . Metabolic defects, such as reduced peripheral glucose disposal, as well as absolute and relative impairment of insulin secretion are observed in impaired fasting glucose and impaired glucose tolerance [12] . Also autonomic neuropathy can occur in the early phases of the metabolic disturbance [15] . Microvascular complications (neuro, retino-and nepfropathies) may develop in prediabetes and occur increasingly with increased glycaemia [12] , but they are more common in the diabetic state. The described pathophysiological processes according to glycaemic status are not clear cut and the progression of the disease is related to various individual factors. However, the previously described increased occurrence and severity of the pathophysiological processes from prediabetes to diabetes and onwards could explain the increasing trend of reporting cold-related symptom.
Finally, co-morbid conditions may affect the reporting of cold-related symptoms.
Therefore, we examined whether cold-related symptoms were reported differentially according to glycaemic status in persons with HTN and CVD. We did not observe any interaction suggesting that the association between glycaemic status and cold-related symptoms was similar irrespective of having a CVD.
4.2.Validity of the results
The strengths of our study include the representativeness of the sample, good geographical coverage and relatively minor socioeconomic variations throughout the country. Determination of glycaemic status was in most cases based on rigorous measurements and we used questionnaire information only for the assessment of previously diagnosed type 2 diabetes. Self-reported type 2 diabetes may be subject to some information bias. We were also able to take into account a large set of potential confounders in our analyses. A limitation may arise due to categorization according to different glycaemic groups, which may be subject to some inaccuracies (e.g. the group of subjects with impaired glucose tolerance may include a part of those having impaired fasting glucose) and could have precluded us from detecting some of the differences. In addition, use of medication for chronic conditions can affect symptom reporting, but
was not detailed here.
The information produced here is of public health significance for populations residing in the northern hemisphere as it may be an aid in reducing or preventing adverse health effects among persons with disturbed glucose metabolism. Increasing awareness among the public can assist individuals with impaired glucose metabolism or diabetes to protect themselves more carefully from cold weather. Health care personnel in hospitals and community primary care may utilize this information for customized guidance and care of those with prediabetes and diabetes by providing appropriate advice for health risk management in cold conditions. This would include information for proper clothing, level of exercise, nutrition and hydration and any behavioral means to reduce or prevent adverse effects of cold weather.
4.3.Conclusions
In conclusion, diabetes is related to higher occurrence of cardiorespiratory symptoms in the cold. These are reported increasingly with worsening glycaemic status.
Overall, the higher occurrence of cold-related symptoms may either predict worsening of a diabetic condition in cold conditions or reveal individuals with impaired glucose metabolism. The importance of the topic is further stressed by the emerging epidemic of diabetes and the ageing of the population.
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